Edited by Xiao-Fan Wang Autotaxin (ATX) or ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2) is a secretory glycoprotein and functions as the key enzyme for lysophosphatidic acid generation. The mechanism of ATX protein trafficking is largely unknown. Here, we demonstrated that p23, a member of the p24 protein family, was the protein-sorting receptor required for endoplasmic reticulum (ER) export of ATX. A di-phenylalanine (Phe-838/Phe-839) motif in the human ATX C-terminal region was identified as a transport signal essential for the ATX-p23 interaction. Knockdown of individual Sec24 isoforms by siRNA revealed that ER export of ATX was impaired only if Sec24C was down-regulated. These results suggest that ATX is selectively exported from the ER through a p23, Sec24C-dependent pathway. In addition, it was found that AKT signaling played a role in ATX secretion regulation to facilitate ATX ER export by enhancing the nuclear factor of activated T cell-mediated p23 expression. Furthermore, the di-hydrophobic amino acid motifs (FY) also existed in the C-terminal regions of human ENPP1 and ENPP3. Such a p23, Sec24C-dependent selective ER export mechanism is conserved among these ENPP family members.
functions of ATX are performed via the LPA-LPA receptor signaling, although it has been reported that ATX can stimulate cell migration through direct interaction with integrin, independent of its lyso-PLD activity (6) . Increased ATX expression has been detected in several cancers, and the effects of the ATX-LPA axis in cancer development have been extensively studied (7) . Additionally, emerging data indicate that the ATX-LPA axis plays an important role in immunity (8) . ATX is highly expressed in adipose tissue and is involved in obesity-related diseases such as atherosclerosis and diabetes (9, 10) .
ATX is a secretory glycoprotein. Matured ATX protein consists of two N-terminal somatomedin B-like domains, a central catalytic phosphodiesterase (PDE) domain, and a C-terminal nuclease-like (NUC) domain (11, 12) . As a secretory protein, the process of ATX secretion is an important part of its biological generation. Based on its overall structural similarity to the better characterized ecto-nucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1), ATX has been assumed as a type II transmembrane protein that is anchored at the plasma membrane and then released into the extracellular space via proteolytic cleavage. However, the N-terminal hydrophobic sequence of ATX functions as a signal peptide and not as a transmembrane segment. ATX is actually synthesized as a secreted prepro-enzyme that is proteolytically cleaved in the endomembrane system before secretion (13) (14) (15) . In addition, ATX contains several glycosylation sites, which are required for its function and secretion (15, 16) . It has been reported that an essential disulfide bridge between Cys-413 and Cys-805, which links the PDE and NUC domains, and the residues 829 -850 within the NUC domain are involved in ATX secretion, indicating that the NUC domain, which can fold and interact with the PDE domain, may be associated with ATX stability and secretion (17) . However, the detailed mechanism of ATX transport during its secretion process is largely unknown.
In eukaryotic cells, endoplasmic reticulum (ER), Golgi apparatus, and ER-Golgi intermediate compartment (ERGIC) constitute the protein secretory pathway. Newly synthesized and properly folded proteins are selectively exited from the ER and then transported to the Golgi apparatus for further processing and maturation (18, 19) . Protein transport is a very precise and well controlled process, and each in-process transport vesicle has to be highly selective to maintain the high degree of organization and efficiency. The coatomer protein complex II (COPII), which is known to associate with the cytosolic surface of the ER membrane, mediates the budding and the formation of transport vesicles, and it participates in protein transport from the ER to Golgi or ERGIC (20 -22) . The COPII coat is composed of the small G-protein Sar1, Sec23-Sec24 complex, and Sec13-Sec31 complex. Mammalian cells express four Sec24 isoforms termed as Sec24A-D, which are responsible for the selective export of proteins from the ER (23, 24) . ER export of some cargo proteins is determined by direct interaction of the cargo proteins with coat subunits, through ER export motifs in their cytoplasmic region (22) . However, adaptor proteins or transmembrane receptors are required in ER export of other proteins, to mediate efficient linkage of the cargo to the coat complex. Several transmembrane protein sorting receptor families such as the ERGIC-53 family, p24 family, and different ER vesicle proteins have been characterized (25, 26) . The p24 family proteins are type I membrane proteins, recycled between ER and Golgi apparatus, and act as cargo receptors responsible for exit of selective cargoes from the ER. All p24 family proteins, such as p23, p24, p25, and p28, have conserved motifs in their cytoplasmic domains that can bind to COPI and COPII (27) . It has been reported that p24 family proteins can recognize ER lumen-localized glycosylphosphatidylinositol-anchored proteins (GPI-APs) and act as cargo receptors for correctly remodeled GPI-APs to be sorted into COPII vesicles efficiently (28) in a Sec24C/D-dependent manner (29) . p24 family proteins are also required for secretion of Wnt proteins in Drosophila and mammalian cells (30, 31) and for the transport of some GPCRs such as protease-activated receptor 2 (PAR2) (32) .
So far, five different ATX isoforms have been identified, termed as ATX ␣, ␤, ␥, ⑀, and ␦. The ATX referred to in this study was ATX ␤, which consists of 863 amino acid residues in its full length and is the most abundant ATX isoform in plasma.
In this study, we demonstrated that p23, a member of the p24 family, functioned as the cargo receptor for ER export of ATX. A di-hydrophobic (Phe-838/Phe-839) motif in the C-terminal region of human ATX was identified as the protein sorting signal to meditate the interaction between ATX and p23. Using siRNA-based silencing, it was found that knockdown of Sec24C, but not other Sec24 isoforms, significantly impaired ER export of ATX, suggesting that Sec24C is required for the selective ER export of ATX. In addition, we found that AKT signaling was involved in ATX secretion regulation. ATX secretion was significantly suppressed by AKT knockdown or AKT inhibitor treatment. AKT could activate nuclear factor of activated T cells (NFAT) via the inhibition of glycogen synthase kinase 3␤ (GSK3␤) to facilitate ATX ER export by promoting the NFAT-mediated p23 expression. Furthermore, the di-hydrophobic amino acid motifs (FY) also existed in the C-terminal regions of ENPP1 and ENPP3 and were essential for the ER exit of ENPP1 and ENPP3. The p23, Sec24C-dependent early secretory pathway was conserved among these ENPP family members.
Results
Di-phenylalanine (Phe-838/Phe-839) motif is critical for ER export of ATX ATX is a secreted lysophospholipase-D converting lysophosphatidycholine (LPC) to lysophosphatidic acid (LPA). ATX is synthesized as a pre-pro-enzyme and is secreted after proteolytic cleavage. It has been reported that the residues 829 -850 are involved in the secretion of ATX (17) . To further clarify the amino acid residues responsible for ATX secretion, we constructed the plasmids to express the Myc-tagged wild-type ATX and ATX mutants with progressive C-terminal truncations as indicated in Fig. 1A . These plasmids were respectively transfected into HeLa cells, in which the endogenous ATX expression is undetectable, and then the intracellular ATX and extracellular secreted ATX levels were detected, respectively, by Western blotting. As shown in Fig. 1B , wild-type ATX was almost totally secreted; ATX(1-850) and ATX(1-839) were partially secreted; and ATX(1-838) and ATX(1-836) were restrained in cells. The 838/839 amino acids of ATX are phenylalanines, which together constitute a hydrophobic FF motif. To demonstrate the role of this FF motif in ATX secretion, we constructed a series of ATX mutants with point mutation on these two residues. When these ATX mutants were expressed in HeLa cells, it was found that ATX was not secreted into the culture medium if either one or both of the phenylalanine residues of the ATX 838 FF 839 motif were mutated to alanine (AA, FA, or AF) (Fig. 1C) . Meanwhile, ATX could be partially secreted when the FF motif was replaced by YY or LL (Fig.  1C) , suggesting that the hydrophobic character of this FF motif is important for its biological function.
To clarify the function of the FF motif in the ATX secretion process, we examined the effect of the FF motif mutation on ATX cellular localization. When transiently expressed in HeLa cells, ATX FF/AA was retained within the cells and co-localized with ER marker cytochrome b 5 (CB5). In contrast and consistent with its role as a secretory protein, only a small amount of wild-type ATX was detected within the cells (Fig. 1D) . It has been reported that ATX is a secretory protein with N-glycosylation (15). Endoglycosidase H (Endo H) cleaves mannose and oligosaccharides from N-linked glycoproteins. Glycoproteins that undergo modifications in the Golgi complex become Endo H-resistant. It was found that the ATX-Myc secreted into culture medium was resistant to Endo H, whereas the ATX FF/AAMyc retained within the cells was sensitive to Endo H, consistent with its ER location (Fig. 1E) . These results indicate that the FF motif is essential for ATX ER export.
p23 functions as cargo receptor for ER export of ATX
It has been reported that ATX is synthesized as a secreted protein but not a type II transmembrane protein. With its N-terminal hydrophobic sequence as a signal peptide, newly synthesized ATX is translocated into the ER lumen, which suggests that ATX cannot directly interact with the COPII coat subunits through the FF motif in its C-terminal region. Therefore, we proposed that the ER export of ATX is dependent on the assistance of a protein-sorting receptor. The siRNA-based silencing of individual protein-sorting receptor expression was performed to identify the receptor involved in ATX ER export. It was found that knockdown of ERGIC-53 did not affect the efficiency of ATX secretion ( Fig. 2A) , suggesting that ERGIC-53 is not involved in the ATX secretion process. To detect the potential role of p24 family proteins in ATX secretion, p23 and p24 were down-regulated using specific siRNA in the HeLa cells expressing ATX-Myc. Knockdown of p23, but not p24, significantly suppressed the secretion of ATX (Fig. 2, B and C) .
To further confirm the role of p23 in ATX secretion, we observed the cellular localization of ATX when p23 was downregulated by siRNA. It was found that the knockdown of p23 resulted in the retention of ATX in the ER (Fig. 2D) . The retained ATX in the cells is sensitive to Endo H, consistent with the blocking of its ER export by p23 knockdown (Fig. 2E) . Furthermore, the direct interaction between ATX and p23 was detected by immunoprecipitation. It was interesting to note that ATX could interact with p23, whereas the ATX mutant with the FF motif replaced by AA (ATX FF/AA ) could not (Fig. 2, F and G), indicating that the FF motif in the ATX C-terminal region functions as a transport signal essential for ATX-p23 interaction.
Sec24C is involved in the selective export of ATX from ER
Mammalian cells express four Sec24 isoforms termed as Sec24A-D, which are responsible for the selective export of proteins from ER by interacting either with cargo proteins directly or with protein-sorting receptors. The p24 proteins are type I transmembrane proteins with a short cytosolic C-termi- nal tail, which contains signals for binding the Sec24 subunit in COPII to selectively transport target cargo protein from ER to Golgi apparatus. To determine the Sec24 subunit involved in ATX secretion, four Sec24 isoforms were silenced, respectively, with their specific siRNAs in HeLa cells with exogenous ATX expression. The levels of ATX retained in cytoplasm or secreted in culture medium were detected by Western blotting. The siRNA-induced knockdown of Sec24C resulted in intracellular retention of ATX, whereas the knockdowns of other Sec24 isoforms had no significant effects on ATX secretion (Fig. 3A) . The role of Sec24C in ATX secretion was further confirmed by immunohistochemical analysis. When Sec24C was down-regulated using its specific siRNA in HeLa cells expressing ATXMyc, ATX-Myc was retained in the cells to be co-localized with the ER marker CB5 and to be sensitive to Endo H treatment (Fig. 3 , B and C). These results suggest that the ER export of ATX is dependent on Sec24C to mediate the physical association of the ATX-p23 complex with the COPII vesicles. Moreover, we analyzed the role of p23 and Sec24C in the secretion of endogenous ATX in Colo320 cells, which have high levels of endogenous ATX. ATX secretion was suppressed by Sec24C knockdown but not by the knockdown of other Sec24 isoforms (Fig. 4A) . When p23 was down-regulated by siRNA, the level of ATX retained within cells was significantly increased (Fig. 4B) , Nuclei were counterstained with DAPI (blue). E, HeLa cells were transfected with pcDNA3-ATX-Myc. Twenty four hours after plasmid transfection, cells were transfected with nonspecific control siRNA (NC) or p23 siRNA (#2) for 48 h. The concentrated (ϳ30-fold) serum-free conditional culture medium of the control siRNA-treated cells and the lysate of p23 siRNA-treated cells were treated with Endo H and then analyzed by Western blotting with anti-Myc antibody. F, HeLa cells were co-transfected with the plasmid driving the expression of p23-FLAG together with pcDNA3-ATX-Myc or pcDNA3-ATX FF/AA -Myc as indicated. Cells were collected 48 h after transfection. The whole-cell lysates were immunoprecipitated with anti-Myc antibody attached to agarose, and then the immunocomplex was detected by Western blotting using anti-Myc and anti-FLAG as indicated. G, whole-cell lysates mentioned in F were immunoprecipitated with anti-FLAG antibody attached to agarose, and then the immunocomplex was detected by Western blotting using anti-Myc and anti-FLAG antibody as indicated. Data are representative of three independent experiments. whereas knockdown p24 or ERGIC-53 did not affect the efficiency of endogenous ATX secretion (Fig. 4, C and D) . These data further confirm that p23 and Sec24C play important roles in the secretion of ATX.
ATX ER export is regulated by AKT-signaling pathway
When HeLa cells were transfected with the vector driving the expression of ATX-Myc and subsequently treated with MK-2206 (5 M), a selective allosteric inhibitor of AKT (33) , it was found that ATX-Myc was trapped within the cells and colocalized with the ER marker CB5. In the control cells without MK-2206 treatment, as a secreted protein, ATX-Myc was predominantly detected in culture medium and barely in cells (Fig.  5, A and C) . ATX-Myc secreted into the culture medium was resistant to Endo H, whereas the ATX-Myc restrained within cells by the treatment of AKT inhibitor was sensitive to Endo H (Fig. 5B) . In addition, secretion of ATX-Myc was significantly suppressed when AKT was down-regulated by siRNA, leading to the retention of ATX-Myc within cells (Fig. 5C ). These results suggest that AKT signaling is involved in the regulation of ATX secretion. It was interesting to note that, in the HeLa cells transfected with the vector driving the expression of ATXMyc, AKT inhibitor MK-2206 or AKT siRNA treatment did not affect the ATX-Myc expression but resulted in the down-regulation of p23 expression at the transcriptional level (Fig. 5D ). The suppression of ATX secretion by AKT inhibitor was released by the exogenous expression of p23 (Fig. 5E ). It has been demonstrated that the expression of human p23 gene is transcriptionally regulated by NFAT (34) . We found that the AKT inhibitor MK-2206 or AKT siRNA treatment enhanced the nuclear export of NFAT (Fig. 5F ). It is well known that inhibition of AKT activation is able to activate GSK-3␤, a protein kinase that has been reported to enhance the nuclear export of NFAT (35, 36) . In fact, the inhibition of GSK-3␤ with its specific inhibitor SB415286 increased p23 expression and reversed the p23 expression suppression by AKT siRNA (Fig. 5,  G and H) . Collectively, the activation of AKT signaling, which leads to GSK-3␤ inhibition, can facilitate ATX ER export by enhancing the NFAT-mediated p23 expression at transcriptional level. 
Selective ER export of ENPP1 and ENPP3
ATX, also known as ENPP2, belongs to the ENPP family. ENPP1 and ENPP3, akin to the structure of ATX, are type II transmembrane proteins located at the cell membrane through their N-terminal transmembrane region. Sequence homology analysis showed that there is a di-hydrophobic FY motif in the C-terminal regions of human ENPP1 and ENPP3, corresponding to the position of FF motif in ATX (Figs. 6A and 7A) . We constructed the plasmid expressing LPA receptor 2 (LPA2)-GFP fusion protein as a molecular marker of cell membrane. When LPA2-GFP was co-expressed with ENPP1-Myc, ENPP1 (Figs. 6B  and 7B ). These results suggest that the FY motifs in the C-terminal region of ENPP1 and ENPP3 are required for their ER export. When p23 or Sec24C was down-regulated by siRNA, the translocation of ENPP1/3 to the cytomembrane was disrupted, and ENPP1/3 was retained within cells (Figs. 6, C and D,  and 7, C and D) . When the cells were treated with AKT inhibitor MK-2206, ENPP1/3 translocation was also inhibited, and both of them were retained within cells to be co-localized with the ER marker CB5 (Figs. 6E and 7E) . Therefore, the di-hydrophobic motifs (FF or FY) in the nuclease-like domain of ENPP1, ENPP2 (ATX), and ENPP3 are functionally conserved, participating in their secretion/translocation, particularly in the process of ER export. ENPP1, ENPP2 (ATX), and ENPP3 may have a common ER export mechanism with the involvement of p23, Sec24C, and AKT.
Discussion
ATX is a secretory glycoprotein with lyso-PLD activity and functions as the key enzyme in the generation of LPA. LPA is a bioactive lysophospholipid mediator that regulates cell proliferation, differentiation, apoptosis, and migration through its specific receptor on cell membranes. The ATX-LPA axis is involved in the regulation of various physiological and pathological processes especially in inflammation and cancer development. Although the mechanisms that control ATX gene expression have been extensively studied, the process and regulatory mechanism of ATX secretion are still not well understood.
In this study, we demonstrated that a di-phenylalanine (Phe-838/Phe-839) motif in the ATX C-terminal region functioned as an ER export signal. The ATX FF/AA mutant was trapped in the ER, whereas wild-type ATX was exported from the ER efficiently, indicating that the FF motif is essential for the ER export of ATX. It has been reported that the di-hydrophobic motif (FF, LL, VV, etc.) in the C-terminal cytosolic domain of transmembrane protein can interact with Sec24 in COPII to mediate the export of the membrane protein from the ER (37). However, it has been reported that ATX is not a transmembrane protein, which means that the FF motif in the C-terminal region of ATX cannot directly bind to COPII subunits. In the structure of ATX, the C-terminal region is sandwiched between the PDE and NUC domain with the FF motif (FY in mouse and rat ATX) exposed at the surface of the molecule (38) . This structural arrangement is consistent with its role in supporting the secretion of ATX.
The export of cargo protein from the ER can be mediated by transmembrane cargo receptors such as ERGIC-53 protein, p24 proteins, and a set of ER vesicle (Erv) proteins, which link lumenal cargo to COPII subunits (39) . In this study, for the first time we demonstrated that p23, a member of the p24 protein family, participated in ER export of ATX as a cargo receptor. ATX could interact with p23, and the FF motif in ATX C-terminal region was essential for the ATX-p23 interaction. It has been reported that p23 can interact with other members of the p24 subfamily to form an oligomeric complex, especially to form the functional p23-p24 complex (29) . However, ER export of ATX was significantly suppressed by the knockdown of p23, but not p24, suggesting that p23 is specifically required for ATX transport. The homozygous knock-out of p23 in mice results in early embryonic lethality, indicating that p23 plays an essential and non-redundant role in the early stage of mammalian development (40) . Because ATX knock-out in mice is also lethal in the embryonic stage (41) , the identification of ATX as the cargo substrate of p23 will improve our understanding of p23 biological function. It is worth investigating the physiological importance of p23-mediated selective secretion of ATX in embryonic development in a future study.
The cytosolic C-terminal tail of p23 protein contains a sorting signal for binding COPII allowing the p23-bound cargo protein to be efficiently sorted into COPII vesicles (42) . Cells are endowed with four Sec24 isoforms termed as Sec24A-D, which bind to specific sorting signals to mediate selective export of proteins from the ER (23, 24) . The ER export of ATX was significantly suppressed by the knockdown of Sec24C, but not other Sec24 subunits, indicating Sec24C is specifically required for ATX ER export.
The role of AKT in ATX secretion regulation was explored in this study. In the HeLa cells transfected with plasmid expressing ATX, ATX secretion was significantly suppressed when AKT-signaling pathway was blocked by the AKT inhibitor or by AKT knockdown, indicating that AKT is involved in the regulation of ATX secretion. It has been reported that p23 gene expression is transcriptionally regulated by NFAT signaling (34) . Further study demonstrated that inhibition of the AKTsignaling pathway resulted in the down-regulation of p23 expression by promoting NFAT export from the nucleus and FY/AA -Myc were visualized by confocal microscopy with anti-Myc (9E10) monoclonal antibody (red). LPA2-EGFP was used as a marker of cell membrane (green). Endoplasmic reticulum was labeled by EGFP-CB5 (green). The nuclei were counterstained with DAPI (blue). Data are representative of three independent experiments. that the exogenous expression of p23 could release the suppression of ATX secretion by the AKT inhibitor. GSK-3␤, which is activated when AKT signaling is inhibited, functions as one of the NFAT kinases to promote the nuclear export of NFAT (35, 36) and suppresses NFAT-mediated gene expression (36) . The down-regulation of p23 expression by AKT knockdown was reversed by treatment with the GSK-3␤ inhibitor. Therefore, our findings and work by others suggest that ATX ER export can be regulated by the AKT-GSK-3␤ pathway through modulating the NFAT-mediated p23 expression. It has been reported previously that NFATs induce the transcription of the ATX in breast epithelial cells (43) . Actually, in Colo320 cells, which have high levels of endogenous ATX, the AKT inhibitor not only suppressed ATX secretion but also inhibited endogenous ATX expression at the transcriptional level (data not show). Therefore, AKT signaling may be involved in both ATX expres- FY/AA -Myc were visualized by confocal microscopy with anti-Myc (9E10) monoclonal antibody (red). LPA2-EGFP was used as a marker of cell membrane (green). Endoplasmic reticulum was labeled by EGFP-CB5 (green). The nuclei were counterstained with DAPI (blue). Data are representative of three independent experiments. sion and secretion regulation. ATX is highly expressed in several cancer cells and contributes to their tumorigenesis, invasion, and metastases (44) . AKT is often hyperactivated in aggressive cancers and regarded as a key target of anti-cancer therapeutics (45) (46) (47) . The findings in this study provide a relationship between the AKT-signaling pathway and ATX, which could be a potential target for tumor therapy.
ATX, also named as ENPP2, belongs to the ENPP family, and it shares high homology with ENPP1 and ENPP3. We uncovered an FY motif in the C-terminal regions of ENPP1 and ENPP3, at the corresponding location of the FF motif in ATX. The FY motif was required for the intracellular transport of ENPP1 and ENPP3, and the translocation of ENPP1/3 to cell membrane was disrupted when either p23 or Sec24C was down-regulated by specific siRNA. Upon treatment with the AKT inhibitor, ER retention of ENPP1/3 was observed in the HeLa cells. These data indicate that the selective ER export mediated by p23 and Sec24C and its regulation by AKT signaling are conserved among these ENPP family members.
In conclusion, we have demonstrated the mechanism of ATX ER export in this study. p23 was identified as the cargo receptor for ATX and an FF motif in ATX C-terminal region as an ER export signal. The selective export of ATX from the ER is mediated by Sec24C and regulated by the AKT-signaling pathway by modulating the NFAT-mediated p23 expression. The di-hydrophobic motif also exists in the C-terminal region of ENPP1 and ENPP3, and the p23, Sec24C, and AKT-involved ER export mechanism is conserved among these ENPP family members. Our work not only reveals the molecular mechanism of the selective ER export of ATX but also puts insight into the potential novel biological function for the p23-mediated protein secretion.
Experimental procedures

Reagents and antibodies
Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Thermo Fisher Scientific (Bremen, Germany). L-Glutamine and penicillin/streptomycin were obtained from Gibco Invitrogen. Primary monoclonal antibody (mAb) against the Myc epitope was purchased from Sigma (Buchs, Switzerland). Anti-FLAG (M185-3L) antibody was purchased from MBL (Nagoya, Japan). Anti-autotaxin(58 -157) polyclonal antibody was obtained as described previously (48) . Rabbit antibody against human Sec24C, antip23 antibody, anti-ERGIC53 antibody, and the anti-NFAT1 antibody were purchased from Abcam (Cambridge, UK). Anti-AKT antibody and anti-AKT (Ser-473) antibody were purchased from Cell Signaling Technology (Danvers, MA). Antip24 antibody, anti-lamin A/C antibody, and anti-␣-tubulin antibody were purchased from Santa Cruz Biotechnology. AKT inhibitor MK-2206 (S1078) and GSK3␤ inhibitor SB415286 were purchased from Selleck Chemicals (Houston, TX).
Plasmids
pEGFP-N1-CB5 was provided by Dr. Peng Li (Tsinghua University). pEGFP-C1-LPA2 was obtained from Dr. Yan Xu (Indiana University). cDNAs encoding wild-type ATX, ENPP1, and ENPP3 were cloned into the pcDNA3 vector, creating the pcDNA3-ATX-Myc, pcDNA3-ENPP1-Myc, and pcDNA3-ENPP3-Myc, respectively, to express ENPPs fused with Myc tag at their C terminus. FY/AA -Myc were generated by site-directed mutagenesis from pcDNA3-ATX-Myc, pcDNA3-ENPP1-Myc, and pcDNA3-ENPP3-Myc, respectively. The cDNA encoding p23 was cloned into a pCMV-tag4 vector, creating the plasmid pCMV-p23-FLAG to express p23 protein fused with FLAG tag at its C terminus.
Cell culture and transfection
HeLa cells were maintained in DMEM containing 10% FBS, 100 units/ml penicillin, and 100 mg/liter streptomycin in 5% CO 2 at 37°C. Transient transfection was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The target sequences of siRNAs used in this study were as follows: si-NC, 5Ј-GGCTGCTGTGTAGATCTCT-3Ј; si-Sec24A, 5Ј-GAGTCAGTGAGCCAAGGAT-3Ј; si-Sec24B, 5Ј-GCCGATCCTGTCGAACGTATA-3Ј; si-Sec24C, 5Ј-CAT-AAACAAGACCTCACAG-3Ј; si-Sec24D, 5Ј-CTGTCTTAC-CCAGGAGGCT-3Ј; si-AKT, 5Ј-CAGCATGAGGTTCTC-CAGC-3Ј; si-p23#1, 5Ј-ATACCTGACCAACTCGTGA-3Ј; si-p23#2, 5Ј-GCCATATTCTCTACTCCAA-3Ј; si-p24#1, 5Ј-AAGCATTTACTAATTGGAAA-3Ј; si-p24#2, 5Ј-CCAAAC-ACCTTGGTCATAA-3Ј and si-ERGIC53, 5Ј-GGACA-GAATCGTATTCAT-3Ј.
RNA isolation and quantitative reverse transcription PCR
Total cellular RNA was extracted from cells with TRIzol regent (Sigma, Buchs, Switzerland). RNA (1 g) from cells was reverse-transcribed using an anchored oligo(dT) primer and a reverse transcription system (Promega, Madison, WI). The levels of ATX mRNA, GAPDH mRNA, and p23 mRNA were detected using the following primer pairs: 5Ј-TATGCTTCGG-AAAGAAATGGAG-3Ј and 5Ј-ATGTTCAATGTCACGCAC-CCT-3Ј for ATX mRNA; 5Ј-TTAGCACCCCTGTCCAAGG-3Ј and 5Ј-CCTACTCCTTGGAGGCCATG-3Ј for GAPDH mRNA; and 5Ј-GCGACGCCTAGAAGACCTTT-3Ј and 5Ј-GAAGCGTCGCAGGTAGAAGA-3Ј for p23 mRNA. Each RT-PCR experiment was repeated at least three times with three replicate samples. Real time RT-PCR was performed using SYBR Green Supermix (Thermo Fisher Scientific, Bremen, Germany) with an iCycler iQ real time RT-PCR detection system (Bio-Rad). Relative expression of each target gene was determined by normalization to the expression of GAPDH. Standard curves were generated using relative concentration versus the threshold cycle (C t ). Based on the slopes of the standard curves, the amplification efficiencies of the standards ranged from 93 to 103%, (derived from the formula E ϭ 10 1/Ϫslope Ϫ1). The not normalized C t values of all the genes in all the samples were within 14.5 to 30 cycles, covered by the range of the standard curves.
Western blotting analysis
Cells were lysed with RIPA lysis buffer (150 mM NaCl, 1% Nonidet P-40), 50 mM Tris-HCl, 1 mM phenylmethylsulfonyl fluoride, 1 g/ml leupeptin, 1 mM deoxycholic acid, and 1 mM EDTA) at 4°C and then subjected to centrifugation at 12,000 ϫ g for 10 min. After centrifugation, the supernatant was quantified by the bicinchoninic acid assay (Micro BCA; Pierce). For experiments on detection of secreted ATX protein, the culture medium was concentrated (ϳ30-fold) using Amicon Ultra 30,000 (Millipore). Protein samples were resolved by 10% SDS-PAGE, transferred to polyvinylidene fluoride transfer membranes (RPN303F, Amersham Biosciences, Freiburg, Germany), and blocked with skim milk. Membranes were then incubated with primary antibodies, using the manufacturer's protocol, followed by incubation with the appropriate secondary antibody conjugated with horseradish peroxidase. Blot signals were exposed using enhanced chemiluminescence detection system.
Immunoprecipitation
HeLa cells were co-transfected with the plasmid driving the expression of p23-FLAG and pcDNA3-ATX-Myc or pcDNA3-ATX FF/AA -Myc. At 48 h after transfection, cells were lysed in 500 l of lysis buffer (50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 5 mM MgCl 2 , 0.1% Nonidet P-40, 1 mM dithiothreitol, 0.1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 10 units/ml proteinase inhibitor tablet (Roche Diagnostics, Mannheim, Germany)) on ice for 30 min and then centrifuged at 12,000 ϫ g for 10 min. Each lysate was immunoprecipitated with 30 l of anti-Myc agarose affinity gel (Sigma, Buchs, Switzerland) or 30 l of anti-FLAG M2 Affinity Gel (Macgene, Beijing, China) for 3 h at 4°C. Precipitated samples were washed once with 1 ml of lysis buffer and three times with 1 ml of 20 mM Tris-HCl (pH 7.6), 100 mM NaCl, 1 mM EDTA, and 0.1% Nonidet P-40 for 10 min at 4°C. Proteins bound to the beads were eluted with SDS-loading buffer and separated by SDS-PAGE followed by immunoblotting.
Immunofluorescence microscopy
HeLa cells were transfected with plasmid driving the expression of the Myc-tagged protein as indicated. Forty eight hours after transfection, the cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15-30 min. Fixed cells were blocked with skim milk for 1 h and incubated with anti-Myc antibody overnight at 4°C. Following incubation with secondary goat anti-mouse antibody-FITC in PBS (with Tween 20), 5% skim milk for 1 h, the fluorescence images were detected with a confocal laser-scanning microscope LSM-510-Meta (Carl Zeiss, Jena, Germany).
Nuclear and cytosolic extract preparation
Cells were washed with cold PBS, and cellular fractions were isolated using a nuclear and cytoplasmic extraction kit (CW0199S and CWBIO, Beijing, China). Nuclear and cytoplasm fractions were analyzed for NFAT1 protein levels by Western blotting. Lamin A and ␣-tubulin were used as the nuclear and cytoplasm markers, respectively.
Deglycosylation assay
The concentrated (ϳ30-fold) serum-free conditional culture medium (for the secreted ATX) and cell lysate (for the ATX within cells) were treated with Endo H (New England Biolabs, P0702) following the manufacturer's protocol. The deglycosylated samples were subjected to Western blotting analysis.
